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EVALUATION

This effort lays the foundation for the development of a test

fixture and procedures suitable for production testing of the MILES

cable. To date, the MILES cables have been bought in limited quantity

and acceptance testing has consisted of actual field evaluation of a

sample number of lines. This method is entirely unsatisfactory for

procurement in production volume. The test fixture configured from the

initial study and analysis maximizes automation of the entire test

sequence through data printout . This provides a practical technique

for accomplishing the volume of testing required while minimizing the

introduction of operator error. Based upon this initial study and

analysis, an advanced development model of the device will be built

and evaluated. Ultimately, a limited number will be built and supplied

to the Base and Installation Security System Program Office for use by

contractors supplying the MILES cable.
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SECTION I
SUMMA RY

This report summarizes Phase I of a program to develop a pressure!
seismic test apparatus and procedure for MILES transducers. The appara-
tus will provide a means for measuring and documentin g sensitivity so that
satisfactory performance can be ensured prior to carrying out installation
in a security system. As a result , replacement of transducers necessitated

r by anomalous sensitivity characteristics can be kept to a minimum. Where
anomalies occur , the apparatus may, in some situations, provide informa-
tion for diagnosing the problem as being either transducer- or environment-
related.

The mathematical model for pressure / seismic sensitivity presented
is based primarily on data in the literature . The governing transduction
mechanism is associated with the magnetostrictive properties of the core
of the transducer. A signal is generated in sense windings when soil motion
generates tension and/or  compression loads within the core . The Loads
result in a change in magnetic flux that generates an e. m. f . in the sense
windings.

The resulting formulation forms a basis of an acceptance criterion,
In-plant test data can be related to perform ance in an actual security
system. The data is readily expressed in terms of a range at which a
specified intruder disturbance is detected.

An analysis verification is provided . It is bas ed on experiments
reported in the literature and experiments carried out as part of this stu dy.
Laboratory measurements of stress sentitivity of a line transducer are
correlated with data acquired for a buried transduce r. Variability of
sensitivity is evaluated through both laboratory measurements and measured

j
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response of a buried line. The data indicate that the standard deviation
of sensitivity ranges from 15 to 20 percent of mean sensitivity.

A preliminary apparatus design—based on the verified mathematical
model—is described. The design provides for testing not only pressure !
seismic response, but also magnetic sensitivity, sense winding resistance,
insulation resistance, line length, distance between winding reversals, and
number of sense winding reversals. The apparatus will thus furnish all
data required for acceptance testing of the MILES transducer.

4 
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SECTION II
INT RODUCTION

The MILES transducer provides an effective means for intrusion
detection in perimeter security systems. The transducer is essentially a
cable, 100 meters in length, that is usually buried at a depth of 9 inches,
but may be buried at least as deep as 18 inches. The core of the cable is a
permalloy material possessing high permeability and magnetostrictive
properties. A sense winding is wrapped about the core. The winding direc-
tion is reversed periodically to provide a gradiometer configuration that
results in rejection of far-field disturbances. By virtue of the high perme-
ability of the core, the transducer is sensitive to anomalies produced within
the earth’s rnagr i~ld, as, for example, by an armed intruder. By
virtue of the rr ~ictive properties of the core material, the trans-
ducer is sens ~inall soil displacements, which may be caused by an
int ruder. The transducer has been widely deployed in a “round ” configura-
tion in which the core is a stranded bundle of permalloy material and an
outer layer of thermoplastic material provides protective covering. In
recent years a “flat ” configuration has been developed in which the core is
flat permalloy strip and a seam-welded stainless steel jacket form s the
protective cover .

Although bot h of these transducers have been used successfully in
security systems, variations in sensitivity have been observed . The cause
of these variations may be due to either the burial environment encountered
or may be inherent in the transducer. Current ly, there is no information
or technique available for assessing pressure/seismic sensitivity. Conse-
quent ly, when anomalous performance is observed, little guidance can be
provided for remedial action .

This report summarizes the results of the initial phase of a program
that will  provide an apparatus and test procedure for in-factory measure-
ment of pressure/seismic sensitivity of MILES transducers. The scope

- 
_
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of this phase encompasses a transducer analysis that provides a mathema-
tical model of the transducer, a validation of the analysis based on data in
the literature and controlled experiment s, and the preliminary design of a
test apparatus and procedure .

The result s reported here are intended to provide a firm basis for a
program to generate an advanced developm ent model of a test apparatus.

6



SECTION III
THEORETICAL BASI S FOR TESTING

The design of an apparatus for pressure-seismic testing of a MILES
line transducer should be based on a thorough understanding of its response
mechanisms. In general, it is not possible to fully simulate in a factory
environment the load and media conditions of an actua l security system
installation. Design of a meaningful test method must therefore be aimed
at quantif ying design parameters critical to transducer response in an
actual installation. Such an approach requires an analytical model that
realistically represents transducer response.

Analytical App roach

In analytically representing the MILES transducer, significant sim pli-
cations follow from two factors:

(1) The transducer, by virtue of periodic sense winding reversals,

will tend to reject signals of a spatial scale much larger than

the distance between reversals.

(2) The currently used signal processing electronics, with its
limit ed ban dwid th,will result in response t o seismic signals
with wave lengths of about 10 meters or greater.

By way of example, consider a transducer which, with electronic fi lter-
ing, limits response to frequencies below 10 hertz . Seismic waves propagat e
through top soil at velocities of about 100 meters per second and greater .
The MILES transducer by virtue of the winding reversals acts as a gradiom-
eter with a baseline of approximately one meter so that signals of 10 meters
or greater wavelength are for the most part rejected . The gradiometer
action eliminates seismic signals of 10 hertz and below; the electronic s
eliminates all signals of 10 hertz and above . Therefore , all sei simically

_ _ _ _ _ _ _ _ _ _  
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propagated signals are rejected. In sUCh a case, the ine rtial terms in the
equations for soil displacement c~ n be dropped and the solution for soil
displacement is based on static loading. Although the actual loads of inter-
est may be varying (e .g. at frequencies of 10 hert z and below), soil dis-
placements at a given point in time can be calculated by assum in g the load
at that time is a static load . In other words, all soil motion of 10 hertz
and below wi thin a fe w meter s of the transducer is in phase .

b
One may conclude from these argument s that meaningful testing of the

MILES transducer does not encompass any seismic propagation phenomena .
Thus , the testing may be more acc u rately t ermed as “mechanical ” rather

• than “pressure/seismic. ”

Mathematical Model

Information in references ( 1) and (2) indicates that the MILES trans-
ducer responds primarily to longitudinal forces. These forces p roduce a
cha nge in magnetic flux within the core material because of its magneto-
strictive properties. The relationship between flux change and force change
is

= A~ FL ( 1)

Bending of the line caused by vertical soil motion produces a negligible
response.

Longitudinal forces are produced by the disp lacement of soil in the
direction of the line. The force produced per unit lengt h of line is propor-
tional to the difference between soil disp lacement and line st retch , i , e.,

dF
dx = GsCs(u s - uL ) (2 )

= GsC5 AU

Identification of mathematical symbols used in this report is found
on page 37.

8
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The equation gove rning ~u is

2 d2 ud ( ~ u) _ t,~u 
= S (3)

d x 2 ‘~STR d x 2

where

‘~STR = A LE L /C SGS (4)

The signal, in microvolts, produced by applying a sinusoidal vertical
load equidistant from the ends of a line of length 2L is given by

L E A  L
200 1 nAw F A  $ C G A u d x d x  (5)

o ~L L  x

For a given value of 
~STR the parameter G5Au will be proportional to the

amplitude of the load (W) imparted to the soil surface . This suggests that
equation (5) can be written in a more general form , thus:

L L aG Au
e = 2 $  $ d x d x  (6)

where

= 
lOO e (7)

wWnM 1~ C5

E A
= E 1 A~ 

(8)

The parameter 
~

‘ is in effect the ratio of the longitudinal rigidity of the
core to the longit udina l rigidity of the comp lete line . Wind ing reversals
at transposit ions are taken into account by assigning e i the r  +1 or -1 to a .
In equation (7) ,  the constant 100 is added so that if lengths and displace-
ments are in inches , fnr ce s  in pou nds , L in radians per second , n in turns
per inch , and ~ in n~~ xwF:l1s per pound , e w i l l  be ri rnicrov olts . The unit
of € is inches.

9



Equations (3) and (5) provide a generalized expression for line trans-
ducer response. For a given surface load on a specified area, burial dept h
and range, the parameter € is a function only of 

~STR• The relationship
between these parameters for a burial dept h of 18 inches is shown in
Figure 1.

Interpretation of Test Results

A basis for mechanical testing follows from the definitions of c [equa-

tion (7)] and 
~STR [equation (4)], and their interrelationshi~p, as shown in

Figure 1. Suppose one designates as a sensitivity acceptance criteria the
• range at which a prescribed disturbance is detected. With such a criteria

‘I’ it is also necessary to assume a certain soil condition so that a soil shea r
modulus is available for evaluat ion of 

~STR• If , in addition , e could be
determined for a given load, one of the curves in Figure 1 could be used to

evaluate a range at which detection would occur .

Assume that in a security system installation we want to determine
at what range a vertical surface load W1 acting at frequencey w 1 prod uces

a system output signal e1 
( in mic rovolts) after the transducer output is

amplif ied by a gain ratio 
~~~~ 

The corr esponding value of e would be:

100 e.
= 

~~~~~~~~~~~~ 
(9)

In this expression, n and 
~~ 

[see equation (8)] are functions of transducer

design. An experimental analysis in Section IV will suggest that C~ is
approximately 0.1. There remains only the parameter A that has to be
determined by mechanical testing of the transducer.

The parameter A may be evaluated through the use of an apparatus
designed to produce controlled tension loads on a MILES transducer . An
approach for configuring such an apparatus is illustrated by Figure 2 .
Clamps are app lied at transpositions in such a way as to generate a preload
tension of a few pounds wi th in  the t ransducer . The dis tance between clamps

10
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• Figure 2. Method for Evaluation of .4

would corre spond to that of two sense winding segments. A sinusoidal  load
app lied at the center transposit ion would create the load of 0. 5 FT Stflw Tt

in one segment of the l ine and -0 . ~ ~T Stflw Tt in the other segment . Because
of the magnetostrictive prope rties of the line s core mater ia l , an e. m . f .
would be generated in the sense windings .  The f lux  charge in one half of the
loaded line would always be of opposite polar i ty to that of the other half;
ho wever, the change in sense wind ing  direct ion would in effect e l imina te  the
polarity reversal so that the signal outputs  of the two wind ing  segments
would be in phase . \n evaluation of A would be obtained from the expression

- 

200 eT ( 10)A - g~~w~~F~~n L ~

Sub stitution of equation ( 10) into (!~) results in:

- 1 
g~~e 1 w~~F~~ L~ ( 1 1)e i - •~• g~ e~~w~ W 1 r~~C ,

H 
_ _

~

i

~~~~
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Equation (11) provides a means for evaluating range of detection of a

given load based on data acquired from a testing machine. Assume that as
an evaluation criteria the intruder produces a vertical load of 150 pounds
peak-to-peak at a frequenc e of 2ff radians per second. A threshold signal
e1 of 2 x i06 microvolts peak-to-peak through a gain of 1. 6 x io6 is desired,
and C~ is assumed to be 0. 1. The length of the test section LT is equivalent
to the length of two sensing winding segments. The test load FT is set at
one pound with a frequency of 2 ff  radians per second. Substitution into
equation (11) yields:

3.58gm in- 1 (12)
1 eTr~

For a transducer buried at a depth of 18 inches in sand, the soi l shear
modulus G5 would be approximately 4600 psi. With a C5 of 0.1,

‘~STR = 

A LEL •~~2 (13)
460 1

For a given line design, one knows the values of AL, EL and 
~~ 

From
the test apparatus one measures eT through a gain 

~~~~~~ 
Thus 

~~TR can be
calculated from equ ation (13) and from equation (12). By use of the
correct curve in Figure 1, the range of detection can then be evaluated.

This analysis shows that test measurements can be directly related to
performance of an installed line. For a given transducer design, only one
measurement is needed. The test method should specif y a tension loading
(e. g., one pound at 2rr radians per second) and a signal gain. The measured
output signal can then be used as an acceptance criterion for mechanical
sensitivity,

13 
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SECTION IV
VALIDATION OF THEORETICA L BASIS

The theoretical basis presented in the preceding section requires
val idation if the test approach is to be used with confidence . Sources of
validation are data in the literature augmented by experiment s that may be
needed to resolve residual issues. Key issue s that must be resolved either
by prior experiment s reported in the l i terature or experiment s included as
part of this study are:

( 1) Is the MILES transducer mechanical response due pr imari l y to
magnetostrictive phenomena ?

(2) Does the transducer respond primari ly to longitudinal loads?

(3 1 is the rationale valid that suggests that a MiLES transducer
does not respond to seismic signals at frequencies under
10 her~z ?

(4) What value should be assigned to C~~?

(5) What variability in mechanical sensit ivity may be expec t ed?

The first three issue s have been addressed in the lite rature and are briefl y
discussed in paragraphs that follow. The last two issue s call for exr eri-
ments that have been conducted as part of this study, and wil l  be discussed
in later paragraphs.

The first two issues are addressed in reference (3) through a combi-
nation of experiments and analysis. Laboratory experiments demonstrated
that if magnetostriction were involved in t ransducer response, i t s  manife s-
tation would be only through loading the line in pure tension or compression .
Bending produces no net magnetostrictive response . This  is because the
f lux change produced by a stress has a polar i ty  that is a lways the same as 

~~~~
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that of the stress. In bending, as much tension as compression load is pro-
duced within the core of the transducer. Hence, the flux change within the
core would of necessity be zero. Any net flux change due to bending would be
caused by rotation of the core material within the earth ’s magnetic flux .

The extent to which bending and longitudinal loading govern mechanical
response was demonstrated by a sim ple field experiment reported in refer-
erice (3). Bending of the buried transducer would result from vertical soil
motion caused by a ve rtical load at the soil surface . Longitudinal loading
would have to result from accumulat ive shear loadings caused by horizontal
soil motion in the direction of the line . Careful consideration of what flux

• . changes would occur with these two loadings , and the fact that sense windings
t are reversed every 43 inche s, lead to the following conclusions:

• Any transducer response to a vertical load at the soil surface
midway between winding reversals is due only to magnetostric-
tion caused by tension loading.

• Any transducer response to a vertical load at the soil surface
di rectly above winding reversals is due only to bending.

These conclusions suggested an obvious experiment: have a subject
cross the transducer at a winding reversal and at a midpoint and observe
the magnitude of the response . When this was done , as reported in refer-
ence (3) , a much larger response was observed with the midpoint crossing.
Careful measurements reported in reference ( 1) showed a similar result to
the extent that sensitivity at reversals was found insignificant relative to
sensitivity at midpoints. These result s validate the postulates of issues ( 1)
and (2) that response is due primarily to magnetostriction and that the
response is a result of longitudinal  loading of the transducer.

The third issue deals with the method with  which soil motion is repre-
sented. As discussed in Section III of this report , if sei smic waves can be
ignored , then ine r t ia l  term s can be disregarded in the equations for soil
motion , and the problem is greatly simp lified . Under such a condition,



transducer response would be proportional to the magnitude of the load at
the soil surface, Also, because the transducer signal is proportional to
the rate of ch ange of magnetic flux within the core, the signal amplitude
would be proportional to load frequency. Thus, at a given load point near
the transducer, the value of transducer output di vided by load magnitude
and frequency would not vary with magnitude and frequency, Experiments
reported in reference (1) revealed that at frequencies up to 20 hertz such
invariance did exist , Based on those data, the rationale that suggests the
transducer does not respond to seismic waves at frequencies under 10
hertz is validated,

• The remaining tw o cri t ical  issues relating to the value of C and
vari ability in t ransducer  perfo rmance have been dealt wi th  th rough both

• laboratory and field experiments which are discussed in the fo l lowing
para graphs.

Variabil i ty Studies

Variabili ty in line t ran sducer  performance has been exper imenta l l y

I” evaluated through both laboratory and f i e ld  exper iments.  Laboratory
experiment s made use of the apparatus  shown schemat ica l ly in F igure  3.
This appa ratus is desi gned to produce a one-hertz ten s ion  load on a two -foot -
lon g sample of core ma te r i a l  in a control led ver t ica l  col inear  magnetic f ie ld .

The procedure followed in acqui r ing  stress sens i t i v i t y  data is to f i rs t

L adju st the apparatus  to produce a 0. 63-pound , peak -to-peak load at a one-
her tz frequency.  The f i e l d  coil  is energ ized  and the current  leve l varied to
oscil la te the ve rtical f i e ld  magni tude  seve ra l  t i m e s  f rom -3 . 5 to +3 . 5
Oers teds . This  forces the rna~ ne tic sta t e to a given hys te res i s  loop.

The output  si gnal  f rom he .-~et i s e  coi l  is n~* :  s~~red w i t h  a hig h—ga in ,
h i g h - i n p u t - i m p e d a n c e  a m p l i f i e r  c I r i v i n ~ a ch a r t  rec rder . Ou tpu t  si i ~na l s
are essent i a l l y sine waves. P t , ’ i r t :  f t h e  u t l v ~ t s~~n : i l  is  e st : W l i s h e d  by

refe rencing  to a m e ch a n i c a l l y produced s w i t c h  cL st i r ,  . in ~he t e n s i o n  d r i ’~
i - ech anj s r n . Si~~n a I  a r #  rec ri~e c i  at  5ev  t I v a l u e s  f u e h l  i n t e n S i t y .

16
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The value of field intensity is intended to simulate the effect of the
earth’ s magnetic field on transducer performance. For magnetic north-
south orientation of a line, the component of the earth’ s field in the direction
of the line ranges from 0. 15 to 0 . 25 Oersteds within the continental United
States. For a magnetic east-west orientation , the component of field
intensity in the direction of the line would be zero . The evaluation of vari-
ability in material stress sensitivity was thus based on evaluating sensitivity
at field values of zero and 0. 25 .

Figures 4 and 5 are typical of response data acquired for numerous
samples of fla t and round core st ock . The differences in shapes of curve s
may be in part due to differences in demagnetization effect . The flat sample
ha s a much smaller ratio of length to cross-sectional area and would thus
be more aff ect ed by demagnetization .

An evaluation of variability was made by tabulat ing signal outputs for
numerous samples at field values of zero and 0. 25 Oersteds as shown in
Table 1. Samples had been gat hered over a period of several years from
pur chased lot s of round and fla t core st ock . The statist ical  data presented
at the bottom of the tables reveals one-sigma variations in sensitivity ranging
from 25 to 35 percent of the mean values .

The relat ive ly lar ge variability indica ted by these data led to an evalu-
ation of variability of actual buried line transducers.  Five 10-meter-long
transducers were buried in sand. Surface loads of 100 pou nds peak -t o -peak

were app li ed at a frequency of 10 hertz. Loads were produced by a special
mechanical devi ce described in reference (1) in which vertical  loads result
from counter-rotation of eccentric weights . Response was mea su red at
eight points along each line , each poi nt midway be tween winding reversals.
The resul t ing data is presented in Table 2 in term s of the parameter

e = —
~~ — (u V  sec/Ib ) ( 14)

ii W

This pa rameter  is used because it is essential l y independent of load magni-
tude and f requency at f requencies  under  20 hert z .

18 

.- - ~~
. - - - . - .



~ w

LOAD = 0.63 LB P-P
FREQ 1.0 Hz
CAIN = 105. 4db
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Figure 4. Response J)ata for 0. 02- by 0. 5-Inch Flat Core Stock
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Table 1. Output Signals (P-P) Produced by One-hertz Tension Load ,
0.63-Pound P-P, Gain 105.4 db

Output Signal . Volts Output  Signa l. Volts
SAMPLE _________ _________ 

SAMPLE _______ ________

NO. NO.
H O  1 1 = 0 . 25 H 0  H 0 . 25

0. 59 5. 14 1 1. 15 0. 97

2 0. 79 3. 89 2 1. 15 0. 95

3 0. 72 3. 87 3 1. 42 1. 2 1

4 0. 62 3. 00 4 0. 73 0. 70

5 0. 71 3. 81 5 1. 77 1. 34

6 0. 58 ~~. 28 6 1. 79 0. 72

7 0. 49 3. 22 7 1. 26 1. 21

8 0. 35 2 . 48 8 1. 49 0. 49

9 0. 61 3. 76 9 1. 91 0. 87

10 0. 45 3. 15 10 1. 73 0. 70

11 0. 34 0. 82 11 1. 15 1. 05

12 0. 98 3. 83  12 1. 12 1. 11

13 0. 79 3. 99 13 0. 95 0. 95

14 0. 77 3. 62 14 0. 56 0. 5.9

15 0. 44 3. 14 iS 4. 95 4. 45

16 0. 36 3. 41 16 1. 55 1. 60

17 1. 11 4. 61 17 0. 90 1. 10

18 1. 04 4. 62 18 0. Ni 0. 73

0. 66 4. 16 1!) 1. 68 1. 74

p 0. 65 ~. 57 20 0. 87 0. P1

a 0. 23 1) , 87 21 1. 42 1. 70

o / e 0. 35 0. 25 1. 06 1. 03

a 0. 37 0, 35
(a)  I ’iat Core Samp les

( 1 / P  0. 35 0. 34

(b )  t iound  Core -~:i mp l

_ _  
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Table 2 . Variation in Response of Buried Line Transducers

e *, ~z V  SEC / L B

SEGMENT
NO 80T. Flat 8OT. Flat Round Round Round

9-in 18-in. 9-in. 18-in. 18-in .
Depth Depth Depth Depth Depth

1 0.041 0. 028 0. 0082 0. 0055 0. 0087

2 0. 066 0. 042 0. 0057 0. 0093 0.0072

3 0. 060 0. 046 0. 0055 0.0090 0. 0053

L - 4 0. 065 0. 055 0. 0085 0.0084 0. 0051

5 0. 059 0. 060 0. 0093 0. 0089 0. 0091

6 0.045 0. 057 0. 0066 0. 0081 0.0079

7 0. 041 0. 063 0. 0087 0. 0053 0. 0064

8 0. 039 0. 060 0. 0091 0. 0047 0. 0068

0. 052 0. 051 0. 0077 0. 0074 0. 0071

0. 21 0. 25 0. 19 0. 24 0 . 16

~) 
,)



The data in Table 2 revealed one sigma va riabilities that range from
16 to 25 percent of the mean output. Thu s, the variability encountered with
buried lines is somewhat less than that found in laboratory experiment s on
two-foot-long samples. The lower variability of buried lines probably re-
suits from the fact that the core of the actual line is continuous . Variabil-
ities are thus somewhat reduced by magnetic coupling from point to point
along the line. If a line we re const ructed with short magnetically uncoupled
segments of core material, variabilities similar to those encountered in the
laboratory would result .

The mechanical testing of a transducer using the approach suggested
in Section III would probably encounter variabilities similar to those
measured for bu ried lines. In-plant testing will be performed on complete
lines rather than short samples. Thus , the reduction in variability alledged-
iy resulting from point-to-point magnetic coupling would be anticipated . One
should therefore expect one-sigma variabilities in mechanical sensitivity, as
measured by the proposed apparatus, ranging from 15 to 25 percent of the
mean.

Evaluation of C~

The last of the key issues to be addressed is the evaluation of the
coupling coefficient C9. This parameter is not derivable from theory by
practical means. The theory does at best suggest that this value should be
nea r 1. 0. Essentially, determining its value is a final “ fit ” of the theory to
experimental results .

The procedu re followed in determining Cs was to measure a value of
A by laboratory means for a sample of round line transducer . The sample
was taken from one end of a 10-meter line. Data taken from the buried line
was then matched to laboratory data through assignment of a certain value
of C9. Figure 6 is a schematic of a test setup used to measure A for a
sample of round MILES. Two sa mples were used to form a closed magnetic
ioop so that demagnetization effect s could be minimized . The H field wa s
produced by passing a d. c. current  through the MI LES sense winding s. Flu x
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P E R M A L L O Y  STRIPS
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U N L O A D E D  SAMPLE
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H
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II 
~LJ~

F COS iT

Figure 6 . Schematic of Test Configuration for  Measuring Stress
Sensitivity of a Round T ransducer Segment
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changes within the core we re measured using a 400-turn sense coil. The
magnetic sensitivity in maxwells per pound was determined from the
relation

A -  e
41v!F ( 15)

where e is in microvolts , F is in pound s and w is in radians per second .
• The data so obtaine d is shown in Figure 7. The average value of maximum

sensitivity occurring at ±0. 15 Oersteds is 0. 17 rnaxwells per pound . A
field value of 0. 15 was selected to correspond to the earth-field component
in the direction of the buried line.

• The buried line from which the sample was taken is the one for which
data is presented in the last column of Table 2. From that data we see that

• e* ranges from 0. 0068 to 0. 0087. From equations (7) and ( 14) we can re-
write in the form

— 100e~
~~~~ n A 3 ~~Cc s

For the round line, n = 38 and 
~c is approximately 1. 0. Thu s, using the

laboratory measurement of A and the field data for e~ we see that £ ranges
from 0. 105/C 5 to 0. 135/C 9. The rigidity parameter is computed from
equation (4) for

AL = 0. 026 in 2

E L = 30 x 10 lb/in

G9 
= 4600 lb/ in 2

Thus 
~ STR = 167/C

Refer now to Figu re 8 which contains a theoretical curve of C versus
for zero range. Also plotted on the graph are straight lines in which each

25
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point would be a certain valu e of C .  The two lines represent the extreme
values of e* obtained for the buried line. Noted that based on these data C
ranges from 0. 095 to 0. 135.

This investigation represents a single attempt to evaluate C9 for a round
MILES. Evaluation is needed for the flat MILES, and for both configurations
more evaluations are needed to gain confidence in the derived C9. Such data
gathering should be part of the development effo rt of the test appa ratus.
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SECTION V
TEST APPA RATU S AND PROCEDU RE

The theory and veri fi cation presented in Sections III and IV , respec -
tively, form the basis of the design concept for a test apparatus presented
in this section . The apparatus embodies the mechanical testing approach
illustrated by Figu re 2. In addition to mechanical testing, features are
incorporated in the design that facilitate total acc~~ tance testing of line
transducers.

Design C riteria

The apparatus for measuring mechanical sensitivity must be capable
of imparting controlled tension loads to a finite length of the transducer.
This must be accomplished in such a way as to ensure that loa d effects are
indeed isolated to the section being tested , and that vibration and electro-
magnetic stimuli associated with a typical factory environment do not in-
fluence sensitivity measurement s.

In addition to the requirement s for mechanical testing, it would be
highly desirable to incorporate as much of acceptance testing as possible -int o a single test apparatu s and procedu re; therefore , it would be desirable
to measure, in addition to mechanical sensitivity,

• magnetic sensitivity
• sense winding resistance
• insulation resistance
• line length

• transposition lengths

• nu mber of transpositions

The desig n presented in the following section will illustrate an approach
tha t meets these design criteria .

_ _ _ _  __________________________________________ . 



Design Concept

The test apparatus design concept is illustrated in Figure 9. The

design is based on the loading principle illustrated in Figure 2. The design

is set up so that the connector end of a completed transducer can be threaded

through the test section onto a takeup reel. At the takeup reel , the connector

is tied into instrumentation through slip rings on the reel shaft . Key com-

• ponent s of the appa ratus are as follows:

Nulling Coils -- These coils generate 10-hertz sinusoidal magnetic
fields that are detected via the transducer sense winding. The detected

signal will be a minimu m when a transposition is centered between the coils.

Clamps - - Clamps provide for mechanical isolation, preloading and

sinusoidal mechanical loading of the section of the line being tested. The

stationary tension clamps are first activiated. A pneumatic cylinder then

produces a tension preload of 10 pounds. The tension lock serves to main-
tain the preload without allowing movement of the tension clamp during

testing. The stress clamp, located midway between the stationary and

tension clamps , is the means by which a sinusoida l load is i mparted to the
transducer . Such loads are produced by a motor-driven spring linkage.
Clamps would be adaptable to either round or flat transducer configurations.

Field Coils -- Field coils can be driven to values of magnetic field

intensity large enough to saturate the lines core material. After satu ration

the field intensity is returned to a prescribed value for magnetic and mech-

L 

anical sensitivity measu rements. This provision ensures that the magnetic
state of the t ransducer  is on the boundary of the magnetic and mechanical

hysteresis loops during testing. Magnetic sensitivity is determined by

creating a small pre scr ibed sinusoidal field within the coil s and then

measu ring the line response signal .

Shields -- Shields are provided to minimize response to the magnetic
environment produced within the factory and to isolat e the test section from

earth’s magnetic field .
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Satu ration Coils - - Saturation coils are a possibl e means for fur ther
isolating the section of line being tested. If the coils produce a steady
field large enough to saturate the lines core material just outside the test
section, then flux changes produced within the core outside of the test
section cannot influence the core lying within the test section.

Distance Measuring Device -- A device consisting of a roller driving a
counter is easily incorporated for length rrEasu rement.

Straightening Rolls - - Through a series of roller-produced bends ,
the line can be st raightened prior to its positioning within the test section.

Rewind Stop -- Duri ng rewind , a stop switch is triggered when the
transducer connector moves against the rewind stop.

Test Procedure

With suitable instrumentation and manual or automatic control of the
test appa ratus , the following procedure can be followed to gather all data
requi red for acceptance testing.

The transducer ~s brought to the apparatus on its shipping reel , which , -

when installed on the appa ratus , becomes the supply reel. The connector
end of the transducer is fed through the appa ratus and engages a male
connector on a flex lead attached to the takeup reel . The electrical connec-
tion provides a tie-in to instru mentation via slip rings on the shaft of the
takeup reel. Immediately after  engaging the transducer connector , sense
winding and insulation resistances can be measured.

The transducer can now be positioned at a series of points along its
length where mechanical and magnetic sensitivities are to be measured .
During positioning, the null coil is ene rgized , and a null reading obtained
via the transducer sense winding s will occur when a t ransposition is located
midway between the two null coils. A clamping sequence is then carried out
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whereby a 10-pound preload is imparted to the portion of the transducer
lying within the test section. A drive motor is energized in order to impart
a one-hertz mechanical load to the transducer via the stress clamp.

Prior to measuring mechanical or magnetic sensitivity, the field coils
are ene rgized to a level sufficient to saturate the transducer core mat eriaL
Thereafter , the magnitude of the field is reduced to a level representative of
the earth’ s field in the direction of the line, e.g., between zero and 0.25
Oersteds. Magnetic sensitivity is determi ned by measuring line response to
a small sinusoidal field generated by the coils.

When all desired mechanical and magnetic sensitivity measurements
have been made , the line is positioned with one end located at the distance
measuring device. Cla mps are released and the nulling coils are energized.
The line is now rewound onto the supply reel . Du ring rewind , transpositions
are detected by noting signal polarity reversals occurring at the sense winding
output. At each reversal a length measurement may be recorded . When
rewind is complete, length measurement s for each transposition, total line
length , and the nu mber of transpositions are known.
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SECTIO N VI
CONCLUSIONS

The objective of this study was to develop a viable technique for in-factory
measurement of the “pressure/seismic” (i . e., me chanical) response of
either a flat or round MILES transducer. This objective has been attained.
The design approach generated rest s on the following conclusions:

1. Mechanical response of a MILES transducer is due to tension loads
associated with soil displacement in the direction of the line; therefore , a

• viabl e approach for mechanical testing is to measure transducer response to
tension loads in an environment that simulates operating conditions . The
tension loading produces a chang e in magnetic flux within the core of the
line, which in turn generates an e. m. f . in the sense winding wrapped about
the core. Because the response is uniquely related to a magnetic phenome-
non , it suffices to simulate the operating environment only in t erms of a
controlled magnetic field of magnitude similar to that of the earth’ s field.

2. Test data can be presented in terms of pa rameters t hat describe
the transducer ’s abili ty to det ect int ruders. If an intrusion is characterized
by a moving ve rtical load at the soil surface with a prescribed amplitude
and frequency, then an estimate can be generated for the range at which the
transducer signal would exceed a prescribed threshold .

3. A test appa ratus can be developed that not only measures mechan-
ical response , but also

• magnetic response
• sense winding resistance
• insulation resistance
• line length
• distance between winding reversals
• number of winding reversals 
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SECTION VII

RECOMMENDATIONS

This program has established a firm analytical and experimental base on
which to carry out advanced developm ent of an apparatus for in-factory

testing of MILES transducers, The following recommendations are made
with respect to the development of such an apparatus:

1. Recommendation is made that a program be initiated for

generating an advanced development model of an in-factory test apparatus

L for the MILES transducer.

2. Within the context of the advanced development program, at
least six flat MILES transducers, each 10 meters in length, should be
tested as buried lines in a controlled soil sample (e.g., sand) . Correla-
tion between apparatus tests and buried tests should be carried out
through evaluation of coup ling coefficients.

3. Using the interim model of the apparatus, the effectiveness of

various isolation techniques, clamping devices, magn~ tic field producers,
mechanical load producers, and signal conditioning electronics should be
thoroughly evaluated prior to freezing the configuration of the advanced
design model.

1
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LIST OF SYMBOLS

Ac Cross-sectional area of transducer core, in 2

. 2
A
L 

Cross-sectional area of transducer, in

C~ Soil-to-transducer coupling coefficient

e Transducer output signal, JAV

e* Transducer output parameter = e /w W, pV sec/lb

• e1 
Amplified output of installed transducer, j.iV

t 
eT 

Amplified output of transducer being tested, pV

Average output at several positions along transducer, j.zV

Ec Youngs modulus of core material, lb fi n2

E L Average Youngs modulus for transducer in tension, lb /in 2

F L Longitudinal force generated in transducer line, lb

FT 
Amplitude of tension load produced by the test apparatus, lb

g~ Amplification of output of installed transducer

Amplification of output of transducer being tested

G5 Shear modulus of soil, lb/ i n 2

H Magnetic field intensity, oersteds

n Sense winding turn density, in ’

u5 
Soil displacement in directi on of line, in

U L 
Line displacement due to tension or compression, in

A u  Differential soil displacement (u5 U L), in

W Vertical load at soil surface, lb

37



-7,--- - - —
‘-7- --7— -- •--...—---7 - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-—- ‘.--—

x Coordinate in direction of line, in

z Axial coordinate in cylindrical system, in

a Indi cator of sense winding direction ( =  ± 1)

e Transducer output parameter, in

Ratio of longitudinal rigidity of core to that of the complete
transducer [eq. (8) 1
Ratio of longitudinal rigidity of transducer to soil stiffnessSTR [eq. (4) 1, in 2

A Core material stress sensitivity, maxwells/ lb

Magnetic flux, maxwells

w Signal frequency, radians/sec

Standard deviation
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